A three-dimensional numerical model was used to simulate the impact of different well-field configurations on pump-and-treat mass removal efficiency for large groundwater contaminant plumes residing in homogeneous and layered domains. Four well-field configurations were tested, Longitudinal, Distributed, Downgradient, and natural gradient (with no extraction wells). The reductions in contaminant mass discharge (CMDR) as a function of mass removal (MR) were characterized to assess remediation efficiency. Systems whose CDMR-MR profiles are below the 1:1 relationship curve are associated with more efficient well-field configurations. For simulations conducted with the homogeneous domain, the CMDR-MR curves shift leftward, from convex-downward profiles for natural gradient and Longitudinal to first-order behaviour for Distributed, and further leftward to a sigmoidal profile for the Downgradient well-field configuration. These results reveal the maximum potential impacts of well-field configuration on mass-removal behaviour, which is attributed to mass-transfer constraints associated with regions of low flow. In contrast, for the simulations conducted with the layered domain, the CMDR-MR relationships for the different well-field configurations exhibit convex-upward profiles. The nonideal mass-removal behaviour in this case is influenced by both well-field configuration and back diffusion associated with low-permeability units. Berglund & Cvetkovic, 1995; Brusseau, 1993; Brusseau et al., 2007; Brusseau, Hatton, & DiGuiseppi, 2011; Chapman & Parker, 2005; Goltz & Oxley, 1991; Johnson & Pankow, 1992; Keely, 1989; Matthieu et al., 2014; Parker, Chapman, & Guilbeault, 2008; Rabideau & Miller, 1994; Rasa et al., 2011; . One set of factors that have received relatively minimal attention are those related to well-field hydraulics, such as the number and location of pumping wells and the associated pumping schemes (e.g., Cohen, Mercer, Greenwald, & Beljin, 1997; Guo & Brusseau, 2017; Keely, 1989; Rivett, Chapman, Allen-King, Feenstra, & Cherry, 2006; Satkin & Bedient, 1988; Schafer & Kinzelbach, 1992) . In particular, few of these studies have investigated the quantitative impacts of well-field hydraulics on mass-removal efficiency or provided a comparative analysis to other factors. Guo and Brusseau (2017) evaluated the impact of well-field configuration for very heterogeneous systems that were generated using the standard stochastic approach based on the Gaussian method and
| INTRODUCTION
Pump and treat continues to be used at many sites to contain and treat groundwater contamination. A recent National Research Council report concludes that it is unlikely that remediation of complex sites will be achieved in a time frame of 50-100 years under current methods and standards (NRC (National Research Council), 2013). Multiple factors, including the presence of source zones containing organic liquids, dispersed reservoirs of dissolved contaminant present in lowpermeability zones, sorbed contaminant, and hydraulic-related factors, such as nonoptimal remedial well-field performance, have long been identified as contributing to plume persistence and limited effectiveness of pump and treat (e.g., Berglund & Cvetkovic, 1995; Brusseau, 1993; Brusseau et al., 2007; Brusseau, Hatton, & DiGuiseppi, 2011; Chapman & Parker, 2005; Goltz & Oxley, 1991; Johnson & Pankow, 1992; Keely, 1989; Matthieu et al., 2014; Parker, Chapman, & Guilbeault, 2008; Rabideau & Miller, 1994; Rasa et al., 2011; . One set of factors that have received relatively minimal attention are those related to well-field hydraulics, such as the number and location of pumping wells and the associated pumping schemes (e.g., Cohen, Mercer, Greenwald, & Beljin, 1997; Guo & Brusseau, 2017; Keely, 1989; Rivett, Chapman, Allen-King, Feenstra, & Cherry, 2006; Satkin & Bedient, 1988; Schafer & Kinzelbach, 1992) . In particular, few of these studies have investigated the quantitative impacts of well-field hydraulics on mass-removal efficiency or provided a comparative analysis to other factors. Guo and Brusseau (2017) evaluated the impact of well-field configuration for very heterogeneous systems that were generated using the standard stochastic approach based on the Gaussian method and described by Gutjahr (1989) . However, they did not investigate the particular case of sites with areally extensive low-permeability layers adjacent to regional-scale aquifer systems, which are prevalent at many hazardous waste sites. Previous studies have demonstrated the importance of diffusive mass transfer into, within, and out of lowpermeability (minimal flow) zones for solute transport (e.g. Feenstra, Cherry, Sudicky, & Haq, 1984; Gillham, Sudicky, Cherry, & Frind, 1984; Haggerty & Gorelick, 1995; LaBolle & Fogg, 2001 ) and specifically for plume persistence and removal (e.g., Chapman & Parker, 2005; LaBolle & Fogg, 2001; Liu & Ball, 2002; Matthieu et al., 2014) . However, there has been minimal prior investigation of the relative contributions of diffusive mass transfer (back diffusion) and well-field hydraulics to contaminant mass removal and plume persistence.
The objective of this research is to quantify the influence and significance of well-field hydraulics on mass-removal efficiency. A 3D mathematical model is used to simulate solute transport and removal for three model well-field configurations, and in addition, for natural-gradient conditions as a control. Simulations are generated for homogeneous systems to focus exclusively on the impact of well-field configuration and for layered systems to allow comparative assessment of the impacts for systems with extensively continuous low-permeability layers. Mass-removal efficiency is assessed by characterizing reductions in contaminant mass discharge (CMDR) as a function of reductions in contaminant mass (MR). Prior investigations of remediation efficiency have used this metric successfully (e.g., Brusseau et al., 2008; Brusseau et al., 2013; DiFilippo, Carroll, & Brusseau, 2010; Jawitz, Fure, Demmy, Berglund, & Rao, 2005; Kaye et al., 2008) . The previous research efforts that have applied the CMDR-MR metric were conducted primarily for source zone systems or for systems with combined sources and plumes. The work reported herein represents an application focused solely on mass removal for plume-scale systems.
| MATERIALS AND METHODS

| Numerical model
The flow model used in this work was the 3D finite-difference numerical model, MODFLOW, developed by the U.S. Geological Survey (McDonald & Harbaugh, 1988) . The 3D solute transport model, MT3DMS (Zheng & Wang, 1999) , was used to simulate solute transport. Groundwater Vista (Rumbaugh & Rumbaugh, 2007) was used as the graphical user interface. For layered systems, accurate simulation of diffusion processes is important to obtain robust results. Therefore, a random-walk based method, RWhet, which was developed to solve transport problems without causing numerical dispersion (LaBolle, 2006) , was used for select simulations to evaluate the accuracy of MT3DMS in representing diffusion processes.
The 3D movement of groundwater is described by the partialdifferential equation (McDonald & Harbaugh, 1988) :
where K xx , K yy , and K zz (L/T) are values of hydraulic conductivity along the x, y, and z coordinate axes; h (L) is the potentiometric head; W (T ) is the specific storage of the porous material and t is time (T).
The 3D solute transport in transient groundwater flow systems can be described by the partial differential equation (Zheng & Wang, 1999) :
where θ (dimensionless) is the porosity of the subsurface medium; c RWhet adds an additional term to manage the discontinuities of the standard advection-dispersion equation, which is written as (LaBolle, 2006; LaBolle, Fogg, & Tompson, 1996 ) of Np particles of mass m p (t) via (LaBolle et al., 1996; Tompson, Carle, Rosenberg, & Maxwell, 1999) :
where R is the retardation factor; X p (t) is the location of particle p at time t; ζ is an interpolation, or projection function (Bagtzoglou, Tompson, & Dougherty, 1992) to "smooth" the spatial distribution of concentration.
The model study area was 400,000 m 2 . The domain was divided Table S1 . Parameters used in the model were determined according to information generated from geologic borehole-logs, pumping tests, and historic data collected for the Tucson International Airport Area Superfund site (Zhang & Brusseau, 1999 (K) and porosity were identical for each layer. For the layered system, the upper and lower five layers were set as low hydraulic conductivity representing clay units, whereas the centre five layers were set as high permeability representing a sand unit. The pumping wells were screened through the middle (sand) layers.
| Simulations
All simulations were conducted with MT3DMS with exception to those additional simulations conducted with RWhet. Four major variables, well-field configuration, pumping rate, permeability, and aquifer thickness were investigated in this study. The simulations were organized into three groups (Table 1) . Domain thickness and pumping rates were varied within reasonable ranges.
Group 1 was designed to investigate the impact of well-field con- The impact of back diffusion was also examined by comparing the simulations conducted for the homogeneous and layered domains with different well-field configurations.
One additional simulation was performed for the Longitudinal well-field scenario to investigate the impact of well-field modification during operations. Specifically, the total time was split into three periods. In Period 1, the original well-pumping locations were used;
in Period 2, the well-pumping locations were moved to regions wherein concentrations remained relatively high because of stagnation zones caused by pumping in Period 1; in Period 3, the well-pumping locations were relocated to their original locations.
Group 2 was set-up to test the impact of pumping rate on massremoval efficiency. The simulations were conducted using the Distributed well-field configuration that was used in the Group 1 simulations for the homogeneous and layered domains (Table 1) . Three different pumping rates (Q), 300, 100, and 50 m 3 /day for each well, were tested, with pumping continuous and constant throughout the simulation
period. An additional simulation was conducted to test the impact of changes in Q during operation. For this simulation, the total simulation time was divided into three periods. For the first and third periods, pumping was constant at 100 m 3 /day. For the second period, the pumping rates of individual wells were adjusted (Table S2 ). The
Damkohler number (ω), which represents the ratio of the hydraulic residence time to the characteristic time of mass transfer, was used to identify conditions wherein mass transfer was constrained and thus limiting to mass removal. The definition of ω is provided in Supporting Information.
Group 3 was developed to examine the impact of domain thickness on mass removal. The simulations were conducted for homogeneous and layered domains with two thicknesses using the 
| Data analysis
Elution curves were plotted and compared for different scenarios. Simulations with more significant mass-transfer constraints are anticipated to produce more nonideal behaviour, including earlier reductions in concentrations and more extensive tailing. The simulated time-continuous profile of CMD was determined as the product of the pumping rate and the simulated concentration. The cumulative mass removed was calculated from the CMD-time function. The CMDR-MR profile was constructed using the CMD and mass removal data.
Generally, the relationship between CMDR and mass removal exhibits one of three types of behaviour ( Figure S1 ). One is the oneto-one relationship, which represents, for example, the special case of first-order mass removal. The second is a curvilinear convex-upward profile residing above the one-to-one reference line, which shows significant initial reduction in CMD with minimal mass removed, followed in later stages by smaller rates of CMD reduction. This behaviour is often associated with the impacts of mass-transfer constraints related to contaminant mass present in hydraulically poorly accessible zones.
The third relationship is the convex-downward profile residing below the reference line, which shows relatively ideal mass-removal behaviour wherein there is minimal reduction in CMD until a large proportion of mass has been removed. In this study, for scenarios wherein mass was lost due to boundary outflow, the CMDR-MR relationship curves were corrected using the final total removed mass to force the mass removal fraction to reach 1. Analysis of both temporal concentration data and the CMDR-MR profiles make the assessment of contaminant removal dynamics more robust.
3 | RESULTS AND DISCUSSION
| Homogeneous domain
The simulated elution curves with four well-field configurations for the homogeneous domain are presented in Figure 2a . The elution curve for the natural-gradient scenario shows the most ideal behaviour in which the concentration decreased rapidly after approximately one pore volume of water was displaced. In contrast, for scenarios with pumping wells, the elution curves exhibit earlier decreases in concentration as well as asymptotic approaches to low concentrations (tailing). The simulation for the Distributed well-field configuration shows first-order mass-removal behaviour. Notably, the simulation for the Downgradient well-field configuration shows multistep behaviour, with an initial sharp decrease followed by a steady state period, and then a rapid decline to low concentration.
The results presented above show that varying degrees of nonideal behaviour were observed for the simulations produced for all three well-field systems compared to the natural-gradient control.
Given that the simulations were conducted for a homogenous domain with uniform initial concentration, the nonideal mass-removal behaviour must be caused by mass-transfer constraints associated with well-field hydraulics. The formation of stagnation zones wherein contaminant removal is delayed due to low groundwater velocities is an obvious source of such constraints.
The contaminant mass distributions at selected time periods for each simulation are presented in Figure S2 . Figure S2A shows the mass distribution at 1,000 days of the natural gradient simulation, which produced a near-ideal elution curve. The mass was completely removed by Day 4,040 (2.4 PV). This is consistent with the absence of stagnation zones. Figure S1B and E presents the mass distributions after 1,000 days (0.6 PV) of pumping for the simulations with Longitudinal and Distributed well-field configurations, respectively. It is apparent that more mass remained for the Distributed well field, which is a result of more inter-well stagnation zones formed for the Distributed well field. For the Downgradient well-field simulation, the concentration started to decrease 15 days after pumping started and stabilized after 860 days (0.5 PV). The steady state period lasted until 6,520 days (3.9 PV), after which concentration began to decrease again until the remaining mass was removed. Figure S2F presents the mass distribution after 500 days (0.3 PV) of pumping for the Downgradient wellfield simulation. The concentration decreased quickly because of the rapid mass removal and strong dilution occurring in the vicinity of the wells. Figure S2G displays the mass distribution after 4,000 days (2.4 PV). This is during the steady state period for contaminant removal, which is mediated by slow advective transport of the upgradient mass via natural-gradient flow. Figure S2H shows the concentration distribution at 8,000 days (4.8 PV). The CMDR-MR profiles for the layered-domain simulations are presented in Figure 3b . The profile for the natural gradient simulation is strongly sigmoidal, with an initial steady-state period, during which the mass discharge reduction was minimal. After approximately 20% of the mass was removed, the mass discharge decreased significantly (>95%) with a small reduction in mass (<20%). Finally, the remaining mass discharge reduction occurred asymptotically. For the Longitudinal and Distributed well-field configurations, the mass discharge decreased significantly (~95%) after a very small fraction of mass was removed, and thereafter exhibited asymptotic behaviour. The distribution of remaining mass for the simulation with the Longitudinal well-field in the layered domain is presented in Figure S5 . After 0.8 PV of water was extracted, almost all of the mass in the sand unit had been removed, and the remaining mass was in the clay units. As expected, the concentration started to decrease asymptotically after this point (Figure 3a) . 3.3 | Impact of well-pumping location and pumping rate Inspection of the elution curve in Figure 2a shows that the concentration increases after the change of locations of the pumping wells, as would be expected. The contaminant distribution after 1,700 days of operation for the original (no change in pumping locations) and the modified scenarios are presented in Figure S2C and D, respectively. It is apparent that the mass remaining after operation of 1,700 days (~1 PV) is much less for the modified scenario. After adjustment, it took 2,040 days (1.2 PV) to remove 90% of the mass instead of 2,120 days The impact of pumping rate on mass removal efficiency in the homogeneous and layered domains was examined for the Distributed well-field configuration. Three rates were used, 50, 100 (value used for all prior simulations), and 300 m 3 /day, and the results are presented in Figure 5 for the homogeneous system. Similar CMDR-MR profiles are observed for the 100 and 300 m 3 /day pumping rates, indicating that mass removal is insensitive to pumping rates for these conditions. Plume capture was incomplete for the lower pumping rate of 50 m 3 , and thus, a portion of mass was not recovered with the extraction wells. The CMDR-MR curve was generated in this case using the mass remaining in the model domain at each time step, resulting in the profile shifting rightward of the other two ( Figure 5 ).
For simulations conducted with the layered domain, similar mass-removal behaviour was observed for all three pumping rates both before and after mass was completely removed from the sand ( Figure   S6 ). Asymptotic conditions were attained in the later stage of mass removal for all three pumping rates because of mass-transfer constraints associated with the clay units ( Figure S6A ). The ω values are 0.028, 0.014, and 0.005, respectively, for the pumping rates of 50, 100, and 300 m 3 /day. As illustrated in Figure S7 , mass removal is not sensitive to the change in pumping rates over the tested range, which is also reflected in the similar CMDR-MR profiles ( Figure S6 ). The very low ω values (close to or less than 0.01) reflect the condition wherein mass transfer is very slow compared to the hydraulic residence time. Hence, the observed insensitivity of mass removal to Q is to be expected.
The small ω values, which is inversely correlated to the thickness of the low-permeability unit, are likely typical for sites with continuous, thick low-permeability units. Conversely, the ω values would likely be larger for systems with thin, discontinuous clay units for all other factors being the same. This latter scenario was investigated with additional simulations, using pumping rates for each well of 5, 10, and 30 m 3 /day and thinner clay units (thickness = 0.5 m each). The corresponding ω values are 2.7, 1.3, and 0.4, respectively, for these conditions. Mass removal is observed to be sensitive to the pumping rates ( Figure S7 ) for the ω values used in these simulations. Hence, the CMDR-MR curves in Figure S8 show clear differences for the different pumping rates. Comparison of the profiles presented in Figures S6A and S8 shows that larger pumping rates lead to leftward shifts of the profiles to a point at which the profile becomes insensitive to Q.
The CMDR-MR profile for the simulation for which pumping rates were adjusted 1,000 days after the operation started is also presented Table S2 . The CMDR-MR curve for the simulation with adjusted pumping rates shifts to the right of the curve obtained for the system with constant pumping rates. After the pumping rates were adjusted, the contaminant that was trapped in the inter-well stagnation zones was pumped out along the changed flow paths, removing more mass with higher CMD. It took 2,750 days for the system with changed pumping rates to remove 90% of mass instead of 3,760 days for the system with constant pumping rates.
For the simulations conducted for the layered domain, this effect was reflected in the process when removing mass from the sand ( Figure S6B ). After all contaminant was removed from the sand, mass removal was dominated by back diffusion from the clay units; therefore, the impact of pumping rate was not significant. The system with constant pumping rates took 2,430 days to remove all mass from the sand layer, whereas the system with adjustment of pumping rates only took 2,020 days, shortening the period by approximately 1 year. Figure   S6 presents mass distribution maps for the simulations conducted for the layered domain after 1,500 days of pumping for both the constant-Q ( Figure S9A ) and nonconstant-Q ( Figure S9B ) systems. The mass remaining after 1,500 days of pumping in the domain was much less for the simulation with pumping rates changed. Therefore, adjustment of the pumping rates during the operation period can change the flow patterns, reduce, and even remove the stagnation zones formed by previous well-field hydraulics, and therefore, increase mass-removal efficiency. This illustrates the need for dynamic system operations, wherein the system is routinely monitored and operational conditions are modified to maintain peak performance.
In contrast to the homogeneous system, the simulations conducted for the layered domain exhibit convex-upward CMDR-MR profiles for the different well-field configurations. Differential massremoval behaviours are observed during the initial stage of massremoval from the middle (sand) unit (during which well-field configuration is controlling) and the latter, asymptotic stage wherein mass removal is mediated by diffusive mass transfer from the clay units.
The results of this study illustrate that well-field configuration can have a significant impact on mass-removal and plume-persistence behaviour for plume-scale systems.
The natural-gradient configuration exhibited the most ideal behaviour due to the absence of stagnation zones. Although this produces the most effective mass-removal operation in terms of the lowest volume of groundwater extracted, it is typically not the optimal approach in general. First, the remediation time frames would typically be longer for natural-gradient systems, which may be an issue for some sites.
Second, the natural-gradient condition provides no plume control, which is critical for many sites.
